Introduction
The Japanese radish cv. Gensuke has been largely cultivated in Ishikawa Prefecture for its flavour.
When sown in July, however, it often develops a longitudinal hollow gap in the central stele, thus lowering the quality of the root. The occurrence of hollow root depends upon soil temperature (Kano, 1987 (Kano, , 1989a , planting density (Kano and Fukuoka, 1991) , and cultivars (Kano, 1989b; Fukuoka, 1989, 1990; .
Intercellular air spaces in the central stele of the ' Gensuke' root grow into a hollow cavity when air spaces fail to be filled with "large parenchymatous cells" (Kano, 1989b; Kano and Fukuoka, 1989) . Walls of cells surrounding the cavity in the hollow root of Raphanus sativus L. undergo lignification (Watanabe, 1959) . Intercellular air spaces often coalesce into a longitudinal hollow gap under high soil temperatures because cells abutting the air space lignify rather than dividing and preventing the cavity from forming (Kano et al., 1992a; Kano and Fukuoka, 1992) . Hayward (1951) described how vascular bundles are separated from one another by the continued division and growth of xylem parenchymatous cells. Vessels in a normal root become sparse as the root grows (Kano and Fukuoka, 1991) , but under exposure to high soil temperatures they become dense because the parenchymatous cells either fail to divide through lignification or they divide slowly (Kano et al., 1992a) . Therefore, we speculate that the occurrence of hollow root and arrangement of vessels are closely related to the proliferation of xylem parenchymatous cells. The lignification of cells in plant tissues is ac-celerated by auxin treatment (Jacobs and Morrow, 1957; Koblitz, 1964; Thimann and O'Brien, 1965) . Kano and Shigematsu (1988) traced the close relationship between the occurrence of hollow root and NAA foliar application in cv. Gensuke.
We conclude that auxin plays an important role in the arrangement of vessels and development of hollow gap. In this paper, we discuss the effects of NAA on the occurrence of hollow root and the way vessels become distributed in the root. Plot 2 produced smallest roots, whereas the control and Plot 1 produced the largest ones (Fig. 1 ). There were significant differences between the occurrence of hollow root in Plot 2 and those of the control and Plot 4 (Table 1) . Roots with the largest cavity and highest frequency occurred in Plot 2 ( Table 2 ). The control, Plot 1 and Plot 4 produced hollow roots with a hollow index of less than 200 mm2, whereas those in Plot 2 had a hollow index which was five-fold greater-1,094 mm2.
Effect of NAA concentration on the occurrence of hollow root
At the 60-day old stage, the heaviest root resulted from the 1 mg¥liter-1 NAA treatment, whereas the lightest resulted from the 10 mg¥liter-1 NAA (Table 3) . At the 45-day old stage, the number of hollow root of 10 mg¥liter-1 treatment was significantly different from those of the control and of 0.1 mg¥liter-1 treatment (Table 4) ; the total number of hollow roots in the 10 mg¥liter-1 treatment was greatest. The size of the hollow grew as the roots thickened (Table 5 ) so that the hollow index on the 60th day after sowing as well as the sum of the hollow index, measured on the 15th , 30th, 45th and 60th days after sowing , increased as the concentration of NAA increased. At the 60-day old stage, the hollow index of 10 mg¥liter-1 treatment was significantly different from those of the control and 0.1 mg¥liter-1 treatment .
Effect of the time of NAA treatment on vessel arrangement in the root
The root weight (45.5 g) 30 days after sowing was nearly half as large as that of the control (91.2 g). Sixty days after sowing, the root weights of the early-, late treatment, and control were 510 , 569, and 787 g, respectively . No hollow roots was observed 30 days after sowing in all plots except in the early NAA treatment which had 3 roots with a mean hollow index of 105 mm2 . Sixty days after sowing, roots of from the early-and late- treatment has a hollow index of 1,214 and 60 mm2, respectively; the control roots exhibited no cavity. Cells surrounding vessels were dyed dark blue with hematoxylin (Figs. 2 and 3) ; the dark blue spots were located almost in the same places as the red spots dyed with phloroglucinol-HCl reagent (Figs. 2 and 3) . Comparison of the result of staining the tissues with hematoxylin with that of staining with phloroglucinol-HCl reagent revealed that the red spots dyed with phloroglucinol-HCl reagent coincided with the locations of lignified vessels. The density of vessel arrangement in a given area of the 30-day old root in the control was low both in the central and outer regions due to large spaces between the vessels, but the density was high in the early treatment due to small spaces between vessels (Fig. 2) . Therefore, the overall arrangement of vessels in the root was much tighter in the early treatment (Fig. 2-H ) than in the control (Fig. 2-G) . In 60-day old plants the space between vessels in the central region of the root was the smallest in the early treatment (Fig. 3-B and E), the longest in the control (Fig. 3-A and D) , and inbetween in the late treatment (Fig. 3-C and F) . On the other hand, in the outer region the space was largest in the control (Fig. 3-G and J) , smallest in the late treatment (Fig. 3-I and L) , and intermediate in the early treatment ( Fig. 3-H and K) .
Consequently, the overall arrangement of vessels in the root was most dense in the early treatment ( Fig. 3-N) , in contrast to the sparsity in the control (Fig. 3-M) . The density of vessel arrangement in the late treatment ( Fig. 3-O) was intermediate between that in the control and the early treatment.
Discussion
Root thickening was remarkably prevented by the foliar treatment with NAA during the early half of the growing period. Rapid thickening begins at around the 20th day after sowing in cv. Gensuke (Kano, 1987) . Kano (1989a) pointed out that the growth of 'Gensuke' root was greatly inhibited by high soil temperature during 16 to 30 days after sowing. It seems that the rapid thickening root is vulnerable to adverse environmental conditions. Synthetic auxins such as 2,4-D moves rapidly to the root tip when applied to cotyledons or leaves of Gossypium indicum Lam. and Cucumis sativus L. (Crafts, 1956) . Morris et al. (1969) showed that radioactivity associated with 14C-labeled IAA applied to the shoot tip was transported rapidly into the root system in pea seedlings. Assuming that NAA applied to leaves of 'Gensuke' certainly moves into the root, a rise of auxin concentration Table  4 . Effect of NAA concentration on the number of hollow root. Table 5 . Effect of NAA concentration on hollow index (mm2) in the root. (Hayward, 1951; Kano, 1989c; Fukuoka, 1991). Lignification of cells in plant tissues is accelerated by auxin treatment (Jacobs and Morrow, 1957; Koblitz, 1964; Thimann and O'Brien, 1965) . Kano et al. (1992) demonstrated that the lignification of xylem parenchymatous cell wall of Raphanus sativus L. root was promoted by NAA applied to leaves. Lignified cells can neither divide (Schellenberg, 1896) nor enlarge (Warburg, 1893) . We conclude that the dense arrangement of vessels in the root results from the NAA treatment which strongly inhibits meristematic activity of xylem parenchymatous cells. The dense arrangement in the outer region of the root in the late NAA treatment is caused by the suppression of cell division of secondary cambia which develop outside of the central region (Hayward, 1951) . The occurrence of hollow root was high in the early treatment. High soil temperature during the 16th to the 30th day after sowing causes the highest occurrence of hollow root in cv. Gensuke (Kano, 1989a) and the active lignification in cells surrounding the intercellular air space in the central stele of the root (Kano et al., 1992a) . In normal 'Gensuke' roots, "large parenchymatous cells" grow to occupy the intercellular air space (Kano, 1989c) but in those forming a cavity, they lignify and do not intrude into the air space (Kano and Fukuoka, 1992) . Kano et al. (1992b) revealed that in several cultivars of Japanese radish, NAA foliar application caused the active lignification at the cells surrounding the air space. This phenomenon lead us to conclude that the early NAA treatment prevents the large cellular elements from proliferating and filling the intercellular air space, resulting in hollowness. On the contrary, late NAA treatment caused no such phenomenon. A most reasonable cause for this is that intercellular air space had already been filled with large parenchymatous cells prior to the NAA application.
By establishing a close relationship between high occurrence of hollow roots and a treatment with NAA early in the growing period, we reason that NAA inhibits cell division and enlargement of the xylem parenchymatous cells, especially those between vessels, by inducing lignin formation. Consequently, the root, having compact cells and densely arranged vessels, thickens, but the lignification of cells lining the space prevents large cellular elements from intruding into the intercellular air space. This allows the air spaces to coalesce and combine into a large, hollow, central cavity as roots continue to expand radially and elongate.
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